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[1] Crustal deformation along the present-day
northern margin of the Tibetan Plateau has occurred
since mid to late Eocene time, soon after India collided
with Eurasia. Assuming that on these distance and
time scales the lithosphere can be approximated using
a thin viscous sheet, we show that far-field lithospheric
deformation caused by an indenting boundary is
expected to start shortly after collision begins. When
a strong region analogous to cratonic lithosphere like
that of the Tarim Basin is included in the calculations,
shear and vertical strain rates concentrate along the
southern edge of the strong region, resulting in
enhanced deformation there. In calculations scaled to
the dimensions of India and the Tibetan Plateau, shear
and vertical strain rates on the northern edge of the
plateau increase soon after collision begins. Crustal
thickening accelerates later in the calculations. We
propose that the apparent increased exhumation
(and perhaps surface uplift) around 10 Ma may signal
the arrival of the thickening front. Citation: Dayem, K. E.,
P. Molnar, M. K. Clark, and G. A. Houseman (2009), Far-field
lithospheric deformation in Tibet during continental collision,
Tectonics, 28, TC6005, doi:10.1029/2008TC002344.
1. Introduction
[2] Convergence between the Indian and Asian
continents, following their collision at 45–55 Ma [e.g.,
Garzanti and Van Haver, 1988; Rowley, 1996, 1998; Searle
et al., 1987; Zhu et al., 2005], is accommodated at least in
part by deformation of the Tibetan Plateau lithosphere.
Views of how the lithosphere accommodates this deformation,
however, appear to conflict with the timing of strain inferred
from geologic dating.
[3] Two main frameworks to explain deformation of
Tibetan lithosphere have been developed. In the first, strain
is accommodated by slip on large-scale strike-slip faults
separating essentially rigid blocks of lithosphere [e.g.,
Avouac and Tapponnier, 1993; Replumaz and Tapponnier,
2003; Tapponnier et al., 1982, 1986, 2001]. As India moves
north toward stable Asia, convergence is accommodated by
slip on successively activated thrust and strike-slip faults,
such that the plateau grows northward in distinct steps
[Tapponnier et al., 2001]. In the second, the lithosphere
deforms as a continuous viscous fluid so that convergence is
accommodated either by flow within the middle and lower
crust [e.g., Clark and Royden, 2000; Royden, 1996] or
across the entire lithosphere [e.g., England and Houseman,
1986; England andMcKenzie, 1982;Molnar and Tapponnier,
1975; Tapponnier and Molnar, 1976]. In the case of a
homogeneous sheet, crustal thickening and strain rates are
largest in southern Tibet at the beginning of continent-
continent collision, and increase northward with time
[England and Houseman, 1986; England and Searle,
1986]. Thus in both frameworks deformation resulting from
the India-Asia continental collision begins first in southern
Tibet and later progresses northward, either in steps [e.g.,
Tapponnier et al., 2001] or smoothly [e.g., England and
Houseman, 1986; England and Searle, 1986].
[4] Dates of deformation in northern Tibet, on the other
hand, suggest that deformation began there shortly after
collision and continued to present-day (Figure 1). Slip along
the Altyn Tagh fault has occurred since at least Oligocene
time [Yue et al., 2005; Ritts et al., 2004], possibly initiating
as early as 49 Ma [Yin et al., 2002]. Strike slip faults in the
Alxa region (Figure 1) show an estimated 70 km of post-
Cretaceous, pre-mid-Miocene slip [Darby et al., 2005].
Sediment deposition in three basins in north central Tibet
does appear to progress northward, but began shortly after
collision; deposition took place in Hoh Xil at 49–23 Ma,
in Qaidam at 46–2.5 Ma, and in Jiuquan from 29.5 Ma
to present [Zhu et al., 2006]. The Zorkol, Subei, and Aksay
Basins record deformation since 30 Ma [Ritts et al.,
2004]. Recently, Yin et al. [2007, 2008a, 2008b] and Zhou
et al. [2006] argued that deformation within and adjacent to
the Qaidam Basin began in Eocene time. Further east,
sedimentation began in Guide Basin in Oligocene time,
and active thrust faulting accelerated in the Miocene [Fang
et al., 2005]. Increased sedimentation rates occur in Xining
Basin for about 5 Myr from 35 to 30 Ma [Dai et al.,
2006], in the broad-scale Xining-Minhe Basin at 40–
30 Ma [Horton et al., 2004], and in the eastern Qaidam
Basin near 14.7, 8.1, and 3.6 Ma [Fang et al., 2007].
Sedimentation in Linxia Basin began before 29 Ma [Fang et
al., 2003], and exhumation of adjacent high terrain may
have accelerated at 14 Ma [Garzione et al., 2005].
Sediment accumulated steadily in the Sikouzi Basin since
at least 20 Ma [Jiang et al., 2007]. Regional clockwise
rotation in northeast Tibet occurred in the late Paleogene
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[Dupont-Nivet et al., 2004]. Evidence of more recent
deformation includes increased exhumation rates at 9 Ma
in the Qilian Shan (D. Zheng et al., Fault initiation,
topographic growth and erosion rates of the northern
Tibetan Plateau (Qilian Shan), submitted to Geology,
2009), and at 8 Ma in both the Laji Shan [Lease et al.,
2007] and the Liupan Shan (east of the plateau) [Zheng et
al., 2006].
[5] Collectively, the timing of fault slip, sedimentation,
rotation, and exhumation suggests that deformation of
northern Tibet commenced soon after the collision between
India and Asia and has continued to the present-day.
Increased exhumation rates 8–9 Ma in several regions,
however, suggest a change of some kind at that time.
Although not central to the topic here, below we offer
two possible explanations for this change. Our calculations
below suggest that shear strain rates in northern Tibet
should increase soon after continental collision begins, but
that crustal thickening (and thus likely related exhumation)
accelerates 20–40 Myr later depending on calculation
parameters and initial conditions. Alternatively, late
Cenozoic increased surface elevations might result from
some other process such as convective removal of litho-
sphere beneath Tibet [e.g., England and Houseman, 1989;
Molnar et al., 1993].
[6] Using thin viscous sheet calculations, we explore
initial and boundary conditions that make widespread
deformation likely immediately after the collision. We show
that deformation at the northern edge of Tibet soon after
collision may be expected given a likely initial geometry of
India relative to northern Tibet, and the presence of
relatively strong lithosphere north of Tibet.
2. Calculations
[7] Assuming that Asian lithosphere can be treated as a
viscous fluid on geologic time scales and that Indian
lithosphere is effectively rigid, we calculate deformation
appropriate for northern Tibet due to an indenting boundary
using thin viscous sheet calculations [e.g., Bird and Piper,
1980; England andMcKenzie, 1982;Houseman and England,
1986]. The sheet is incompressible and homogeneous (with
the exception of a strong region described below) within a
gravity field. Stresses on horizontal planes are ignored, and
the other components of stress are vertically averaged. All
boundaries of the sheet are rigid except a portion of the
southern boundary of length W (Figure 2), which is used to
indent the sheet at a speed vc. (Note that we use primed
symbols (e.g., L0, Do
0, t0) to denote physical quantities that
are rendered dimensionless in the calculations using a
distance scale W and a time scale W/vc. Unprimed symbols
L, W, Do, and vc below represent values estimated for the
thickness of the lithosphere, the width of India, the distance
between India and the Tarim Basin at the time of collision,
and the convergence rate between them, respectively.) The
force balance and continuity equations are solved iteratively,
and the vertically averaged deviatoric stress tij is related to
the strain rate _eij by a constitutive relationship:
tij ¼ B _E
1=nð Þ1
_eij ð1Þ
Figure 1. (a) Position of the Indian plate (white outline) relative to northeastern Tibet (yellow box)
and Tarim Basin (‘‘strong region’’) at approximate time of collision (45 Ma) [Molnar and Stock, 2009].
(b) Principal Cenozoic faults in northeastern Tibet with timing of inferred fault motion from structural,
stratigraphic and cooling histories. Grey lines represent generalized 1500, 2500, and 3500 m elevation
contours. Labeled points show locations of geologic data that are interpreted to indicate deformation.
Labels in blue represent later deformation (post 10 Ma) that may signal surface uplift. References are 1,
Yin et al. [2002]; 2, Yue et al. [2005]; 3, Ritts et al. [2004]; 4, Fang et al. [2005]; 5, Fang et al. [2003]; 6,
Garzione et al. [2005]; 7, Lease et al. [2007]; 8, Zheng et al. [2006]; 9, Jiang et al. [2007]; 10, Dai et al.
[2006]; 11, Fang et al. [2007]; 12, Darby et al. [2005]; 13, Horton et al. [2004]; 14, Zhu et al. [2006]; 15,
Zheng et al. (submitted manuscript, 2009).
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where _E is the second invariant of the strain rate tensor, B is
a material parameter related to the strength of the sheet, and
n is a rheological parameter. An olivine rheology is
described with n  3–3.5, and the rheological effect of
including a component of frictional faulting in a thin sheet
deformation law may be represented using n > 6 [Sonder
and England, 1986]. Even greater increases in n may also
be explained by low-temperature plasticity dominating the
deformation [Dayem et al., 2009].
[8] The sheet initially has uniform thickness, but upon
indentation, the distribution of its deformation and crustal
thickness that develops depends on the Argand number:
Ar ¼ grc 1 rc=rmð Þð ÞL
B vc=Lð Þ1=n
ð2Þ
where g is the gravitational constant, L is the thickness of
the sheet, and rc and rm are the densities of the crust and
mantle, respectively [England and McKenzie, 1982]. Ar sets
the relative importance of the stresses arising from the
buoyancy of a variable thickness crustal layer (numerator,
equation (2)) to the viscous stresses required to produce
indentation (denominator). Deformation is accommodated
more by crustal thickening if Ar is small, and spreads farther
away from the indenting boundary if Ar is large.
[9] For the homogeneous sheet, two dimensionless
parameters, n and Ar, and boundary conditions determine
the flow field. England and Houseman [1986] suggest that
the hypsometry of the Tibetan Plateau can be replicated by
values of n = 10 and Ar = 3 or n = 3 and Ar = 1. Neil and
Houseman [1997] use n = 10 and Ar = 6 or n = 3 and Ar = 3
when they include regions of contrasting viscous strength to
examine areas of convectively thinned lithosphere beneath
Tibet. We test these four combinations of n and Ar in our
calculations so that the region we consider may be
compared to the Tibetan Plateau.
[10] To test the effect of a region of strong lithosphere
such as the Tarim Basin [e.g., Molnar and Tapponnier,
1981] or the relatively stable, western portion of the North
China Craton [e.g., Li et al., 2006; Wang et al., 2005; Xu et
al., 2004; Zhao et al., 1999] on deformation of northern
Tibet, we compare two sets of calculations. One uses the
homogeneous thin viscous sheet, and the other includes a
‘‘strong region’’ of high viscosity (such that strain rates
within it are 1000 times smaller than those of the
surrounding fluid) that represents strong lithosphere north
of the Tibetan Plateau [e.g., England and Houseman, 1985;
Neil and Houseman, 1997]. We emphasize that these
idealized calculations include only one strong region
surrounded by relatively weak fluid. In reality, the lithosphere
north of Tibet is likely composed of many regions of varying
strength such as the Tien Shan, the Tarim Basin, the North
China Craton, and perhaps the smaller Qaidam Basin. Rather
than complicating the calculations with additional strong or
weak regions, we discuss calculation results from the area
south of the strong region and interpret them with the entire
northern margin of the plateau in mind.
[11] The temporal development of deformation is also
affected by the initial distance between the indenter and the
strong region Do (Figure 2), and strain rates scale with the
convergence rate vc. We perform calculations for two
precollision geometries chosen to bound the possible
relative positions of India and the strong lithosphere of
the Tarim and Qaidam Basins, and to allow for the thick
Figure 2. Maps of calculation space showing (a) initial
maximum shear strain rate in units vc/W for calculation
using n = 10, Ar = 6, W = 5200 km, no initial thickening,
and Do = 3000 km. (b) Initial maximum shear strain rate in
units vc/W for calculation using n = 10, Ar = 6,W = 5200 km,
preexisting thickening, and Do = 1800 km. (c) Initial sheet
thickness in units L for calculation shown in Figure 2b.
Dashed vertical line shows location of profiles drawn in
Figures 3 and 4. Initial distance between the indenter and
strong region Do is shown by white line. Black square
indicates location of time series plots in Figures 5 and 6.
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crust in the southern Tibetan Plateau at the time of
continental collision.
[12] In the first case, we use initial conditions that
probably underestimate the amount of deformation in
northern Tibet. We assume that India converges with stable
Asia at a rate of vc = 40 mm/yr (a conservative estimate;
e.g.,Molnar and Stock [2009] estimate vc 59 and 83mm/yr
for the northeast and northwest corners of India respectively
before 20 Ma and 57 and 44 mm/yr between 20 and
10 Ma) since 50 Ma [e.g., Rowley, 1996, 1998], and that this
2000 km of convergence is taken up entirely by strain of
Tibetan lithosphere. Thus we estimate a maximum initial
distance between India and the Tarim Basin ofDo 3000 km
(2000 km convergence +1000 km present-day
separation). The initial distance between the indenter and
the strong region in the calculation is scaled such that it
represents this geometry (Figure 2a).
[13] In the second set of calculations, we use initial
conditions chosen to reflect a perhaps more plausible (if
somewhat arbitrary) initial configuration. We assume that
about half the convergence between India and Eurasia is
taken up by Tibetan lithosphere, so that since 40 Ma
southern Tibet has converged with stable Asia at a rate of
vc = 20 mm/yr, as suggested for the present-day by GPS
velocities [e.g., Feldl and Bilham, 2006; Zhang et al.,
2004]. This yields 800 km of convergence between southern
Tibet and the Tarim Basin to be added to the 1000 km
present-day distance between India and Tarim. Several
studies suggest that the crust of southern Tibet was
thickened before the continental collision, presumably in
response to convergence between the oceanic lithosphere
north of India and Asian continental lithosphere, as occurs
in the present-day Andes [e.g., Dürr, 1996; England and
Searle, 1986; Kapp et al., 2003; Murphy et al., 1997;
Volkmer et al., 2007]. We simulate an initial thickened
Tibetan lithosphere by preindenting the sheet so that Do 
1800 km, and the crust in southern Tibet is already thickened
by 30 to 60% (Figures 2b and 2c).
[14] Paleomagnetic data suggest that the amount of
convergence in Tibet, and thus Do, may be even smaller
than described above. The amount of convergence between
northern Tarim and Lhasa since 60 Ma is reported to be
500 km [Cogné et al., 1999, Table 2]. A smaller assumed
value for Do in our calculations would lead to the develop-
ment of higher strain rates and greater crustal thickness in
northern Tibet than we describe below.
3. Early Deformation
3.1. Homogeneous Sheet
[15] The amount of convergence that takes place at the
northern margin of the Tibetan Plateau at the time of
collision depends on the distance between India and the
northern margin and lithospheric properties which, in the
thin viscous sheet formulation, are described by n, Ar, and
the viscosity contrast between the strong region and its
surrounding fluid. In the case of the homogeneous sheet
(without a strong region), instantaneous deformation decays
approximately exponentially with distance from the






[England et al., 1985]. Given an initial distance between the
collision boundary and the northern margin of Tibet, Do and
a constant convergence rate vc for the two initial conditions
described above, and setting W = 5200 km (twice the width
of the Himalayan arc on a great circle connecting the eastern
and western syntaxes so that in the calculations the syntaxes
are represented by the corners of the indenter), we can
estimate the convergence rate of northern Tibet relative to
Eurasia and the strain rate in northern Tibet at the time of
collision, vNT = vc exp (Do/l). For n = 3, vNT  2 mm/yr
if Do = 3000 km and vc = 40 mm/yr, and vNT  4 mm/yr
if Do = 1800 km and vc = 20 mm/yr. (Note that allowing for
convergence rates shortly after collision twice those at
present [Molnar and Stock, 2009] would double these
values.) Deformation rates in northern Tibet are smaller for
n = 10: vNT 0.1mm/yr forDo = 3000 km and vc = 40mm/yr,
and vNT 1 mm/yr ifDo = 1800 km and vc = 20mm/yr. Thus,
the homogeneous thin viscous sheet scaling law predicts a
small, if not insignificant, amount of deformation in Northern
Tibet at the time of collision.
3.2. Enhanced Strain Rates With Strong Lithosphere
North of Tibet
[16] Next we consider the effect of the presence of
relatively strong lithosphere of the Tarim Basin on defor-
mation of the northern part of Tibet by comparing our thin
viscous sheet calculations with and without a strong region.
Calculated strain rates and crustal thicknesses depend on
values chosen for the stress-strain exponent n and the
Argand number Ar, as well as the initial geometry. We
describe the effects of each of these parameters in the
sections below.
3.2.1. Effect of n and Ar on Strain Rates and Crustal
Thickness
[17] Both n and Ar effect the degree to which deformation
is concentrated near boundaries and strength discontinuities
[e.g., Bell et al., 1977; Dayem et al., 2009]. Stress and strain
rate are related in (1) by the coefficient B _E(1/n)1 (twice the
effective viscosity). Stress varies only gradually across the
calculation space, so that large n implies smaller effective
viscosity and higher strain rates that are more concentrated
near the indenter (Figures 3 and 4). As the sheet is indented,
the front of increased strain rates progresses northward, and
strain rates localize along the southern boundary of the
strong region. Larger strain rates and crustal thicknesses
develop for larger than smaller n (Figures 5 and 6).
[18] Small Ar implies large viscous resistance relative to
buoyant resistance, which produces large thickening rates
near boundaries and discontinuities. Large Ar implies greater
relative buoyant resistance so that deformation spreads
away from boundaries and discontinuities, leading to more
diffuse crustal thickening that is less concentrated near
boundaries (Figure 4). Large n and small Ar, therefore, lead
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to larger andmore localized strain rates and crustal thickening
adjacent to the indenting boundary and to the strong region
than small n and large Ar [e.g., Dayem et al., 2009].
3.2.2. Initial Strain Rates and Crustal Thickness
[19] For the calculations scaled to Do = 3000 km and vc =
40 mm/yr, the presence of the strong region has a negligible
effect on development of horizontal shear and vertical strain
across the plateau compared to that for a homogeneous
sheet (Figure 3). At the initial time step, the crustal
thickness is uniform across the sheet, so that Ar has no
effect on strain rates. Strain rates are large near the indenter,
and decay in a smaller distance from it for larger than
smaller n.
[20] In contrast, for the calculations with Do = 1800 km,
preexisting thickened crust, and vc = 20 mm/yr, initial shear
strain rates are larger across the plateau when the strong
region is included (Figures 4a and 4b). On the northern edge
of the plateau, when the strong region is included in the
calculation, shear strain rates (Figures 4c and 4d) are about
40% larger for n = 3 and 80% larger for n = 10 than those
calculated for a homogeneous sheet. In addition, the largest
shear strain rates occur just south of the strong region and
decrease southward toward the indenter. The Argand
number Ar has only a small effect on the magnitude of
the strain rates adjacent to the strong region. Vertical and
shear strain rates from the n = 10 calculation have similar
patterns and magnitudes; the vertical strain rate for the
calculation with a strong region is up to 40% larger than
that without. In the n = 3 calculation, vertical strain rates are
largest near the indenter (Figures 4c and 4d). Consequently,
the crust becomes thicker in northern Tibet when n = 10
than n = 3 (Figures 4e and 4f). In both cases crustal
thickness is largest near the indenter, and decreases to the
north, so that the difference in initial crustal thickness just
Figure 3. Initial (t = 0) (a) maximum shear strain rate [vc/W]
and (b) vertical strain rate [vc/W] along a profile from the
indenter shown by the dashed line in Figure 2a, for Do =
3000 km. Calculations using n = 3 shown in black;
calculations using n = 10 shown in red. Solid and dashed
lines show values for calculations with and without a strong
region, respectively. Axis labels show dimensionless
calculation values above scaled dimensional values of
distance [km] and strain rate [1/s]. Note that crustal
thickness is initially uniform across the sheet so that Ar
has no effect on the initial strain rates.
Figure 4. Initial (t = 0) (a, b) maximum shear strain rate
[vc/W], (c, d) vertical strain rate [vc/W], and (e, f) crustal
thickness [L] along a profile from the indenter, shown by the
dashed line in Figure 2b, for Do = 1800 km. Figures 4a, 4c,
and 4e show n = 3 calculations, and Figures 4b, 4d, and 4f
show n = 10 calculations. Calculations using n = 3, Ar = 1 and
n = 10, Ar = 3 are shown in black; calculations using n = 3,
Ar = 3 and n = 10, Ar = 6 are shown in red. Solid and dashed
lines show values for calculations with and without a strong
region, respectively. Axis labels show dimensionless calcula-
tion values above scaled dimensional values of distance [km],
strain rate [1/s], and crustal thickness [km].
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south of the strong region between the calculations with and
without the strong region is negligible. In summary, during
the early stages of the calculations, the presence of the
strong region increases shear and vertical strain rates, and to
a lesser degree, crustal thickness if Do is small enough, but
has little effect on strain rates and crustal thickness on the
northern portion of the plateau if Do is large.
4. Migration of Strain Rates and Crustal
Thickening
[21] We examine the evolution of strain rates and crustal
thickness at a point just south of the strong region (see
Figure 2 for point location). In each calculation, as the sheet
is indented, the front of maximum shear and vertical strain
rate migrates northward, and is followed by the front of
maximum thickness. For the Do = 3000 km, vc = 40 mm/yr
calculations, although initially the strain rates for the n = 3
calculation are larger than those for the n = 10 calculation,
those for the n = 10 calculation become the larger later in
the calculations (Figures 5a–5d). In both cases, the strain
rates are larger in the calculation with the strong region than
without, and the difference between the two generally
increases with time (Figures 5a–5d, inset). Larger vertical
strain rates and crustal thickness develop in calculations
Figure 5. Evolution in time [W/vc] of (a, b) maximum shear
strain rate [vc/W], (c, d) vertical strain rate [vc/W], and (e, f)
crustal thickness [L] for the point south of the strong region
shown in Figure 2, for Do = 3000 km and vc = 40 mm/yr.
Figures 5a, 5c, and 5e show n = 3 calculations, and
Figures 5b, 5d, and 5f show n = 10 calculations. Calculations
using n = 3, Ar = 1 and n = 10, Ar = 3 are shown in black;
calculations using n = 3, Ar = 3 and n = 10, Ar = 6 are shown
in red. Solid and dashed lines show values for calculations
with and without a strong region, respectively. Inset shows
difference between calculations with and without a strong
region. Axis labels show dimensionless calculation values
above scaled dimensional values of time [Myr], strain rate
[1/s], and crustal thickness [km].
Figure 6. Evolution in time [W/vc] of (a, b) maximum
shear strain rate [vc/W], (c, d) vertical strain rate [vc/W], and
(e, f) crustal thickness [L] for the point south of the strong
region shown in Figure 2, for Do = 1800 km and vc =
20 mm/yr. Figures 6a, 6c, and 6e show n = 3 calculations,
and Figures 6b, 6d, and 6f show n = 10 calculations.
Calculations using n = 3, Ar = 1 and n = 10, Ar = 3 are
shown in black; calculations using n = 3, Ar = 3 and n = 10,
Ar = 6 are shown in red. Solid and dashed lines show values
for calculations with and without a strong region,
respectively. Inset shows difference between calculations
with and without a strong region. Axis labels show
dimensionless calculation values above scaled dimensional
values of time [Myr], strain rate [1/s], and crustal thickness
[km].
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with smaller Ar (black lines in Figure 5), whereas larger
shear strain rates develop in calculations with larger Ar (red
lines in Figure 5).
[22] Crustal thickness also increases over the course of
the calculation; as the time integral of the vertical strain rate,
this increase develops more slowly than do increases in
strain rates (Figures 5e and 5f). By the end of the calculation
(t0 = 0.4, scaled to 52 Ma) the crustal thickness increases
by 70–80% for n = 10 and by 40–45% for n = 3, for
the values of Ar considered. Eventually, strain localization
due to the presence of the strong region results in crust
thicker by only 4–5% than that for a homogeneous sheet
(Figures 5e and 5f, inset).
[23] If instead we assume that Do = 1800 km, vc =
20 mm/yr, and that the crust of southern Tibet was already
thick at the time of collision, then not only do greater shear
and vertical strain rates occur at the time of collision than for
an initially uniform southern Tibet crust, but alsomore crustal
thickening occurs as the calculation progresses (compare
Figures 5 and 6, noting that dimensionless time in Figure 6
scales to twice the dimensional time as that in Figure 5
because the convergence rate in Figure 6 is half that in
Figure 5). Moreover, a strong region enhances both effects
(Figure 6). Because thick crust existed at the time of collision
in this case, significantly greater strain rates and thickening
occur in the calculations with a strong region compared to
those without. Shear strain rates in the calculations with a
strong region are approximately 30% greater than in those
without a strong region (Figures 6a and 6b, inset). Thickened
crust still takes time to develop, but it develops earlier than for
the other geometry, and including the strong region leads to
an increase in crustal thickness by10 and 30% for n = 3 and
n = 10, respectively (Figures 6e and 6f, inset).
5. Discussion
[24] Our calculations suggest that if the Asian lithosphere
can be approximated as a thin viscous sheet with a region of
high viscosity representing strong lithosphere north of
Tibet, then deformation should begin in northern Tibet soon
after continental collision begins. More deformation takes
place there if the initial distance between northern Tibet and
India is shorter, and if the crust of southern Tibet is already
thick. As the collision continues, strain rates and crustal
thickness increase at the northern margin of Tibet. Crustal
thickness, which represents accumulated vertical strain,
increases throughout the calculations. Shear and vertical
strain rates reach maximum values and then decrease in the
latter stages of the calculations as the front of maximum
strain rate migrates north of the strong region. We do not
attempt to interpret this behavior in the context of defor-
mation north of the plateau because we have not included
additional strong regions, for instance, to represent the
North China Craton. Had we included a second strong
region in our calculations to mimic this craton north of
Tibet, we expect that even higher strain rates would be
obtained in northern Tibet.
[25] The observation that increased crustal thickness lags
the front of maximum horizontal strain rate (Figure 5) may
explain the late Miocene rise of mountain ranges on the
margins of Tibet that has been inferred from increased
exhumation rates at that time [e.g., Lease et al., 2007;
Zheng et al., 2006, submitted manuscript, 2009]. Our
calculations suggest that rates of crustal thickening can
continue to increase after shear and vertical strain rates
have begun to decrease (Figure 6). (Note that this is
physically possible: the rate of crustal thickening is equal
to the product of the crustal thickness and the vertical strain
rate. Crustal thickness increases as long as vertical strain
rate is positive, so that if thickness is large when vertical
strain rate begins to decrease, the rate of crustal thickening
can still increase.) Increased exhumation rates may reflect
the arrival of the front of rapid thickening. In the calculation
more favorable for producing thick crust (Do = 1800 km,
vc = 20 mm/yr, an initially thick southern Tibetan crust, n =
10, and Ar = 6), crustal thickness on the northern margin of
the plateau increases by more than 100% over 50 Ma of
collision, which would scale to a surface elevation 6 km
assuming that the thickened crust is isostatically compensated
and no erosion occurred. This estimate is larger than the
present-day elevation 4 km but, considering that the initial
conditions of the calculations are somewhat arbitrary and the
uncertainty in the degree to which the mantle lithosphere in
this region is isostatically compensated, we find the estimate
to bewithin reason. For the calculation using n = 3 andAr = 3,
the calculated surface elevation near the northern plateau
margin is 3.5 km after 50 Ma of convergence.
[26] The amounts of strain and of crustal thickening at the
northern margin of the plateau are also affected by n and, to
a lesser degree, Ar. Once strain and crustal thickness have
begun to develop south of the strong region, greater strain
rates and thicknesses occur near this boundary for larger n
or smaller Ar, as shown in calculations by Dayem et al.
[2009]. They suggest that shear strain rates just south of the
Tarim Basin localize in a zone whose width is comparable
to that of the Altyn Tagh Fault if n  10 and Ar  3–6. Our
results show that if southern Tibetan crust was thick before
continental collision began, larger strain rates occur at the
northern boundary of Tibet at the time of collision, and
surface elevations after 50 Myr of convergence are within
range of present-day observations. These findings lead us to
agree that n  10 better describes strain accommodation in
northern Tibet than n = 3, which suggests that the litho-
sphere here deforms plastically [e.g., Dayem et al., 2009].
[27] Alternatively, if India was initially farther south of
northern Tibet (greater Do), the crust of southern Tibet was
not initially thick, and if n < 10, then calculated crustal
thicknesses and inferred surface elevations are not suffi-
ciently large to explain modern elevations of northern Tibet.
For example, in the Do = 3000 km calculations, the surface
elevation after 50 Ma of convergence is 2 km for n = 3.
In this case, another process must occur to elevate the
surface of northern Tibet by 2 km or more. In one possible
process, thickened and unstable northern Tibetan litho-
sphere could lead to convective removal of the base of
the lithosphere [e.g., England and Houseman, 1989;Molnar
and Houseman, 2004; Molnar et al., 1993]. If this process
occurred, increased surface elevation (of 1–2 km) would
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result from isostatic compensation of the thinned litho-
sphere, resulting in a surface elevation 3–4 km.
6. Conclusions
[28] Previous work suggesting that the Tibetan litho-
sphere progressively accommodates strain from south to
north as India collides with Asia [e.g., England and
Houseman, 1986; England and Searle, 1986; Tapponnier
et al., 2001] disagrees with geologic dates of deformation in
northern Tibet. These data suggest that deformation
there began soon after 50 Ma, when the collision started
(Figure 1). We show that with certain boundary and initial
conditions, thin viscous sheet calculations can yield significant
strain rates in the northern part of Tibet soon after
continental convergence commences, with further thickening
of northern Tibetan crust later in the calculations.
[29] Greater amounts of strain and crustal thickening
develop in calculations that use larger n in the constitutive
relationship (1), smaller Ar defined by (2), and a smaller
initial distance Do between northern Tibet and northern
India at the time of collision. A strong region analogous
to the Tarim Basin or other relatively strong cratonic
lithosphere north of the Tibetan Plateau leads to enhanced
strain rates and crustal thickening south of the strong region.
Preexisting thickened crust in southern Tibet also leads to
greater strain rates and thickening in northern Tibet. These
results suggest that deformation in northern Tibet could take
place throughout the time of continental convergence, and
that thickening in the later stages of convergence may
explain increased exhumation rates on the margins of the
plateau at 10–8 Ma.
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